Purpose To evaluate the relationship between oocyte dysmorphisms and IMSI outcomes Methods Data of IMSI cycles performed in 332 patients were included in this study. Patients were included only if presented more than four and less than 30 oocytes upon oocyte retrieval. Patients who underwent IMSI were matched, concerning female age and sperm parameters, with patients who underwent ICSI in the same period (n0332). The two groups (ICSI and IMSI) were compared with regard to treatment outcomes. The influence of IMSI on fertilization and embryo quality on D3 and D5, when oocyte dysmorphisms were present was analyzed. Results A total of 6444 oocytes were morphologically evaluated and injected. Regardless of the oocyte quality, IMSI performance was a determinant of the increased odds of development to high quality embryo on D3 (OR: 1.98; CI: 1.54-2.56) and D5 (OR: 3.27; CI: 1.61-6.66). Conclusions The selection of a morphologically normal spermatozoon under high-magnification is associated with increased embryo quality, regardless of the oocyte morphology. The injection of a spermatozoon, selected under highmagnification, into a morphologically normal oocyte leads to the highest probability of developing high quality embryos.
Introduction
A new concept of observation of sperm at high magnification in real time, known as motile sperm organelle morphology examination (MSOME), was recently introduced [5] . Its incorporation, together with a micromanipulation system, has allowed the introduction of a modified ICSI procedure, called 'intracytoplasmic morphologically selected sperm injection' (IMSI).
Several publications reported that the IMSI procedure is positively associated with pregnancy rates in couples with previous and repeated implantation failures [6, 7, 9, 34] and in patients with an elevated degree of DNA fragmented spermatozoa [27, 48] . Moreover, a recently published meta-analysis showed that the IMSI procedure is associated with improved embryo quality, implantation, pregnancy and miscarriage rates [40] .
It is believed that the high magnification allows the detection of sperm containing nuclear vacuoles. Previous studies demonstrated that sperm nuclear vacuoles are associated with sperm DNA fragmentation [11, 23, 24, 35] .
It is known that human sperm have highly dynamic and essential participation in embryogenesis that clearly goes beyond the fertilization process. The first divisions of the newly formed embryo depend on the machinery of the oocyte. The activation of the embryonic genome occurs at the stage of 4-8 cells [13] . As a result, the effects of injection of sperm with nuclear abnormalities are usually not detected before the 8-cell stage, when a high expression of genes derived from the sperm is initiated [4] . Studies suggest that this result reflects a late paternal effect, which is related to blockage of embryonic development observed during / after the implantation of embryos with normal karyotype [10, 43] .
The ability of human oocyte to repair sperm DNA damage, has not been fully elucidated, but some studies showed that the oocyte is equipped with mechanisms that can repair some of the paternal DNA abnormalities [25, 31, 47] . However, the ability to repair the oocyte depends on the quality and genetics of the oocyte.
It is generally accepted that good-quality human MII oocytes should have a clear, moderately granular cytoplasm that does not contain inclusions, a small perivitelline space (PVS) containing a single unfragmented IPB and a round, clear, colourless zona pellucida (ZP) [29, 44, 45] . Nevertheless, more than half of all collected oocytes show at least one morphological abnormality [19, 21] .
Because the pre-selection of oocytes with the highest developmental potential, based on morphological criteria, is of obvious interest for improving the efficiency of assisted reproduction technology, numerous studies have reported the presence or absence of relationship between oocyte morphological abnormalities and ICSI outcomes [3, 15, 17-19, 22, 26, 28, 30, 36, 39, 44, 46, 49, 50] . However, to date, the relationship between oocyte dysmorphisms and IMSI outcomes has never been investigated. Therefore, that was the aim of this study.
Materials and methods

Experimental design, patients and inclusion criteria
Data of IMSI cycles performed in 332 patients, performed from January 2009 to December 2010, were included in this retrospective cohort study. Patients were included only if presented more than four and less than 30 oocytes upon oocyte retrieval, in order to exclude poor response and hyperstimulation's infuences. To minimize the influence of severe male factor, all cases of sperm concentration less than 1×10 6 M/mL and sperm motility less than 20 % were excluded from the study. Patients who underwent IMSI were matched, concerning female age and sperm parameters, with patients who underwent ICSI in the same period (n0332). The matching process was based on four features relevant for IMSI outcomes i.e. female age (±1 year), percentage of morphologically normal spermatozoa forms (±1 %), percentage of sperm motility (±5 %), and total sperm concentration (±5 million/mL). If more than one cycle was eligible the best match was chosen by random selection. The matching procedure was conducted blinded without any information about cycle's outcome.
A written informed consent was obtained, in which patients agreed to share the outcomes of their own cycles for research purposes, and the study was approved by the local institutional review board.
Controlled ovarian stimulation
Ovarian stimulation was achieved by the administration of a recombinant follicle-stimulating hormone (r-FSH, Gonal-F®, Serono, Geneve, Switzerland) on a daily basis until the visualization of at least one follicle ≥14 mm, at which time, we began the administration of a gonadotropin-releasing hormone (GnRH) antagonist, cetrorelix acetate (Cetrotide; Serono Laboratories, Geneva, Switzerland) 0.25 mg subcutaneous (SC).
The ovulation trigger was given by SC injection of 250 μg of recombinant human chorionic gonadotrophin (hCG, Ovidrel™, Serono, Geneve, Switzerland) when at least three follicles ≥17 mm were observed. Oocyte retrieval was performed 35 h after the administration of hCG, through transvaginal ultrasonography.
Preparation of oocytes
Retrieved oocytes were maintained in culture media (Global® for fertilisation, LifeGlobal, Connecticut, USA) supplemented with 10 % protein supplement (LGPS, LifeGlobal, Connecticut, USA) and covered with paraffin oil (Paraffin oil P.G., LifeGlobal, Connecticut, USA ) for 2-3 h before removal of cumulus cells. The surrounding cumulus cells were removed after exposure to a HEPES-buffered medium containing hyaluronidase (80 IU/mL, LifeGlobal, Connecticut, USA). The remaining cumulus cells were mechanically removed by gently pipetting with a hand-drawn Pasteur pipette (Humagen Fertility Diagnostics, Charlottesville, USA).
Oocyte morphology was assessed using an inverted Nikon Diaphot microscope (Eclipse TE 300; Nikon®, Tokyo, Japan) with a Hoffmann modulation contrast system under 400× magnification, just before sperm injection (4 h after retrieval). The following oocyte dysmorphisms were recorded: (i) cytoplasmic granularity, (ii) cytoplasmic color, (iii) vacuoles in the ooplasm, (iv), aggregates of smooth endoplasmic reticulum clusters (SER) in the ooplasm, (v) large perivitelline space (PVS), (vi) PVS granularity, (vii) fragmented polar body (PB), (viii) zona pellucida (ZP) abnormalities and (ix) oocyte shape abnormalities. Oocytes that were observed to have released the first polar body were considered mature and were used for ICSI.
Intracytoplasmic sperm injection
Intracytoplasmic sperm injection (ICSI) was performed in a micro-injection dish prepared with 4 μL droplets of buffered medium (Global® w/HEPES, LifeGlobal, Connecticut, USA) and covered with paraffin oil on a heated stage at 37.0±0.5°C of an inverted microscope. Approximately 16 h after ICSI, fertilisation was confirmed by the presence of two pronuclei and the extrusion of the second polar body. Embryos were maintained in a 50 μL drop of culture medium (Global®, LifeGlobal, Connecticut, USA) supplemented with 10 % protein supplement covered with paraffin oil in a humidified atmosphere under 6 % CO2 at 37°C for 3 days.
Intracytoplasmic morphologically selected sperm injection
Sperm selection in the IMSI group was examined at high magnification using an inverted Nikon Diaphot microscope equipped with high-power differential interference contrast optics (DIC/Nomarski). The total calculated magnification was 6,600×. An aliquot of the sperm cell suspension was transferred to a microdroplet of modified human tubal fluid medium containing 8 % polyvinyl pyrrolidone (PVP; Irvine Scientific, SantaAna,CA) in a sterile glass dish (FluoroDish; World Precision Instrument, Sarasota, FL). The dish was placed on a microscope stage above a Uplan Apo × 100 oil/1.35 objective lens previously covered by a droplet of immersion oil. The sperm cells exhibiting normally shaped nuclei ([1] smooth, [2] symmetric, and [3] oval configuration) and [4] normal nuclear chromatin content (if it contained no more than one vacuole, which occupies <4 % of the nuclear area) were selected for injection [5-8, 14, 25, 47] .
Embryo quality and transfer
To evaluate cleavage-stage morphology, the following parameters were recorded: the number of blastomeres, the percentage of fragmentation, the variation in blastomere symmetry, the presence of multinucleation and the defects in the zona pellucida and cytoplasm. High-quality cleavagestage embryos were defined as those with all of the following characteristics: 8-10 cells on day three of development, <15 % fragmentation, symmetric blastomeres, absence of multinucleation, colourless cytoplasm with moderate granulation and no inclusions, absence of perivitelline space granularity and absence of zona pellucida dysmorphism. Embryos lacking any of the above characteristics were considered to be of low quality.
To evaluate blastocyst-stage morphology, the size and compactness of the inner cell mass (ICM) and the cohesiveness and number of trophectoderm (TE) cells were recorded. Embryos were given a numerical score from one to six based on their degree of expansion and hatching status as follows: 1, an early blastocyst with a blastocoel less than half the volume of the embryo; 2, a blastocyst with a blastocoel greater than half of the volume of the embryo; 3, a full blastocyst with a blastocoel completely filling the embryo; 4, an expanded blastocyst; 5, a hatching blastocyst; and 6, a hatched blastocyst. For full, expanded, hatching, and hatched blastocysts, the ICM was classified as either high quality (tightly packed with many cells) or low quality (loosely grouped with several or few cells). Similarly, the TE was also classified as either high quality (many cells forming a cohesive epithelium) or low quality (few cells forming a loose epithelium or very few cells).
Embryo transfer was performed on day 3 by using a soft catheter with transabdominal ultrasound guidance. One to three embryos were transferred per patient. Embryos that were not transferred were cultured until day 5 and vitrified after morphological evaluation.
Clinical follow-up A pregnancy test was performed 12 days after embryo transfer. All women with a positive test had a transvaginal ultrasound scan 2 weeks after the positive test. A clinical pregnancy was diagnosed when the fetal heartbeat was detected. Pregnancy rates were calculated per transfer. Miscarriage was defined as pregnancy loss before 20 weeks.
Data analysis
The two groups (ICSI and IMSI) were compared with regard to: (i) age; (ii) total dose of FSH administered (IU), (iii) number of retrieved oocytes, (iv) oocyte yield, (v) metaphase two (MII) oocyte rate, (vi) normal fertilization rate, (vii) percentage of high quality embryos on the third (D3) and fifth (D5) day of development, (viii) number of transferred embryos, (ix) pregnancy rate, (x) implantation rate and (xi) miscarriage rate.
Fertilization and embryo quality on D3 and D5 were our primary endpoints. Because embryos originating from oocytes presenting both normal and abnormal morphology were transferred, it would not be wise to set implantation and pregnancy as endpoints. The influence of IMSI on fertilization and embryo quality on D3 and D5, when oocyte dysmorphisms were present (isolated and/or in conjunction) was analyzed.
Statistical analysis
Data are expressed as mean ± standard deviation for continuous variables, while percentages were used for categorical variables. Mean values were compared by Student's t parametric test or Mann-Whitney non-parametric test. Percentages were compared by the Chi-squared or Fisher exact test, only when expected frequency was five or fewer.
Binary logistic regression, adjusted for maternal age, was used to evaluate the predictive value of IMSI on fertilization and embryo quality when oocytes presenting dysmorphisms were injected. Results were expressed as odds ratio (OR), with 95 % confidence intervals (CI) and p values, and were considered to be significant at the 5 % critical level (p<0.05). Data analysis was conducted using MINITAB Software.
Results
There were no significant differences between ICSI and IMSI groups with regard to patients' characteristics, demographics and distribution of causes of infertility ( Table 1 ). The percentages of high-quality embryos on D3 (51.2 vs 45.1, p00.033) and D5 (37.3 vs 29.1, p00.004) of development were significantly higher in IMSI group as compared to ICSI group.
The influences of IMSI on fertilization and embryo quality are shown in Table 2 . Considering all the injected oocytes (n06444), we observed that high-quality embryos on D3 were twice as likely to occur in the IMSI groups as compared to ICSI group (OR: 1.98, p<0.001) and the development to blastocyst stage was three times as likely to occur in the IMSI group as compared to the ICSI group (OR: 3.27, p00.001).
Regarding the oocytes presenting normal morphology, the odds of developing to high quality embryos on D3 (OR: 4.53, p<0.001) and D5 (OR: 6.14, p00.011) were higher in the IMSI group (Table 2) .
When only oocytes presenting abnormal morphology were evaluated, the odds of developing to high-quality embryos on D3 (OR: 1.63, p00.001) and D5 (OR: 2.68, p00.013) were higher in the IMSI group ( Table 2 ).
The predictive value of IMSI on fertilization and embryo quality when oocytes presenting individual dysmorphisms were injected is shown in Table 3 . In oocytes presenting exclusively vacuoles, the high-magnification approach was determinant to the increased odds of development to high quality embryo on D3 (OR: 1.80, p00.001). It was not possible to associate individual oocyte dysmorphisms and development into high quality embryo on D5 because there were very few interactions between these variables.
Discussion
In this study we showed that the high-magnification approach has a positive effect on embryo development, regardless of the oocyte quality. High quality embryos on D3 were up to 4,5 times as likely to occur in the IMSI group as compared to the ICSI group. On D5, high quality embryos were up to 6 times as likely to occur in the IMSI group as compared to the ICSI group. Moreover, considering oocytes presenting vacuoles, we demonstrated that a high quality embryo was almost twice as likely to occur in the IMSI group as compared to the ICSI group.
It is generally accepted that semen parameters and chromatin remodeling influence fertilization or early events post fertilization [42] . It has been shown that sperm with protamine deficiency and increased histone remnants, lead to premature chromatin condensation that is the cause of failures in fertilization and embryo development [16, 33] .
Immature human sperm show diminished plasma membrane remodeling and zona-binding ability, increased rate of aneuploidies, increased rate of lipid peroxidation and consequential DNA fragmentation; and collectively, these factors cause reduced fertilization rates and adversely affect the early and late paternal contributions to the zygote [41] . ICSI is usually performed under an overall optical magnification of 400×, which only enables the observation of major sperm morphological defects, whereas minor morphological defects are often not identified. As a consequence, spermatozoa appearing as morphologically normal at this magnification may, in fact, carry various structural abnormalities that may negatively influence embryo development [40] .
The most predictive factor of sperm quality is the incidence of vacuoles in the sperm head [37] . The MSOME enables the selection of motile spermatozoa with fine nuclear morphology and free of head vacuoles in real time at high magnification, which are then injected into oocytes.
Perdrix et al. [37] demonstrated that sperm vacuoles are exclusively nuclear. The study showed that aneuploidy and chromatin condensation defects were the main alterations observed in spermatozoa presenting large vacuoles. The authors proposed a global impairment of the spermatogenesis process as a common origin of the morphological alterations. Accordingly, Franco Jr. et al. [23] showed an association between large nuclear vacuoles and DNA damage in spermatozoa.
The mammalian oocyte provides gene products that are responsible for repairing DNA damage in both parental genomes after fertilization [1, 12] . These maternal gene products persist to sustain the zygote until its genome is fully activated [13] . However, the ability to repair the oocyte depends on the quality and genetics of the oocyte.
Therefore, we hypothesized that oocytes presenting abnormal morphology possess reduced capability to repair sperm DNA damage. Because high-magnification sperm selection enables the identification of spermatozoa free of DNA damage, we expected that the subsequent embryos would demonstrate an improved development.
In this study, the high-magnification approach was associated with increased embryo development, regardless of the oocyte morphology. Furthermore, we observed that the odds of developing to high quality embryos on D3 and D5 were higher in the group of oocytes presenting normal morphology than the odds in the group of oocytes presenting dysmorphisms. This finding emphasizes the role of oocyte quality on the embryo development. When oocytes were divided according to a specific morphological alteration, only those presenting vacuoles were benefited from the high-magnification sperm selection.
Balaban et al., [2] summarized the data in the literature that studied the effect of oocyte morphology on in vitro fertilisation (IVF). The authors suggested that the severe cytoplasmic dysmorphisms, such as SER, centrally severe granulation and excessive vacuolization, should be considered as abnormal and taken into consideration for the selection of a viable oocyte.
It has been proposed that oocyte vacuoles arise either spontaneously or by fusion of vesicles derived from the smooth endoplasmic reticulum and/or Golgi apparatus [20] . How vacuolisation affects fertilisation and pronuclear formation is still unclear. During the completion of meiosis I and the transition to the metaphase II stage, synchronous cytoplasmic maturation, mitochondrial changes, protein synthesis and cytoskeletal changes take place [38] . It has been suggested that the presence of intracytoplasmic vacuoles is associated with severe oocyte degeneration, displacement of the MII spindle from its polar position [45] , abnormal cytokinesis pattern [32, 45] , compromised embryo development [3] and impaired blastocyst formation [20] .
In conclusion, the selection of a morphologically normal spermatozoon under high-magnification positively affects embryo development, regardless of the oocyte quality. Further, our results demonstrate that the injection of a spermatozoon, selected under high-magnification, into a morphologically normal oocyte leads to the highest probability of developing high quality embryos, emphasizing the vital role played by both the oocyte and the spermatozoon on embryo development potential.
